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HIGHLIGHTS 


•  A  mesoporous  support  derived  soy¬ 
bean,  e.g.  CS,  was  prepared. 

•  Pt  nano  sized  dendrites  were 
dispersed  on  the  surface  of  CS. 

•  Pt/CS  has  high  catalytic  activity  for 
CO  and  methanol  oxidation. 
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In  this  work,  a  low  cost  and  nitrogen-containing  carbon  (CS)  with  mesoporous  structure  and  high  surface 
area  is  synthesized  by  carbonizing  soybean.  It  is  found  that  the  prepared  CS  has  excellent  textural 
properties  such  as  high  specific  surface  areas  and  large  pore  diameters.  TEM  images  show  that  the  Pt 
nano-sized  dendrites  are  well  formed  on  the  surface  of  CS.  Compared  to  Pt  supported  on  Vulcan  carbon 
XC-72,  electrochemical  results  show  that  Pt  supported  on  CS  possesses  a  higher  electrocatalytic  activity 
and  better  durability  in  methanol  oxidation  reaction,  which  are  mainly  attributed  to  the  support  effect  of 
CS  resulting  in  the  unique  morphology  of  Pt  particles  and  high  content  of  Pt(0).  These  results  indicate 
that  CS  has  great  potential  as  a  high-performance  catalyst  support  for  fuel  cell  electrocatalysis. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Due  to  their  high  efficiency  and  low  emissions,  low-temperature 
fuel  cells  (LTFCs)  are  attracting  considerable  interest  as  a  means  of 
direct  electrochemical  conversion  of  chemical  energy  into  elec¬ 
tricity,  which  are  considered  to  be  a  promising  power  sources  for 
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transportation,  stationary  and  portable  applications  [1-4].  Despite 
these  advantages,  low  durability  and  high  cost  of  platinum  (Pt-) 
based  catalysts  still  limit  their  practical  applications  [5,6].  Research 
efforts  have  been  focused  on  decreasing  the  cost  of  Pt-based  cata¬ 
lysts  by  three  main  approaches  (i)  reducing  Pt  loading;  (ii) 
exploring  low  cost  alternative  to  Pt  and  (iii)  developing  new  sup¬ 
port  to  replace  conventional  carbon  black  [5,7-10  .  Currently,  car¬ 
bon  black,  i.e.  Vulcan  XC-72,  is  the  state-of-the-art  support 
materials,  which  dominates  as  support  material  for  catalysts  used 
in  LTFCs.  Although  carbon  black  has  high  surface  area  and  good 
electric  conductivity,  it  is  not  satisfactory  due  to  its  high  cost  and 
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the  weak  interaction  between  carbon  black  and  Pt  nanoparticles, 
which  results  in  aggregation  of  Pt  nanoparticles  and  further 
reducing  the  Pt  active  surface  [11].  Recently,  developing  nitrogen 
doped  carbon  supports  have  received  considerable  attentions  as  a 
new  family  of  highly  efficient  support  for  fuel  cells  8,12]. 

There  are  a  plenty  of  studies  proving  that  the  physical  and 
electrochemical  properties  of  carbon  supports  can  be  significantly 
improved  by  doping  heteroatoms,  especially  nitrogen  [13-15]. 
Abundant  free  tt  electrons  are  available  in  the  carbon,  which  make 
it  a  potential  material  as  catalyst,  but  these  tc  electrons  are  inert  for 
chemical  reactions.  It  was  found  that  the  carbon  tc  electrons  can  be 
activated  by  conjugating  with  lone-pair  electrons  from  N  dopants 
[16].  Nitrogen  doping  can  also  introduce  chemically  active  site  onto 
the  surface  of  carbon  supports  which  act  as  anchoring  site  for  metal 
nanoparticle  deposited  on  its  surface  [17].  In  addition,  mesoporous 
carbon  can  also  improve  the  electrocatalytic  performance  by 
enhancing  three  phase  boundary,  forming  high  and  uniform 
dispersion  of  metal  nanoparticles  and  enhancing  the  electron 
transfer  [18,19].  It  is  expected  that  to  combine  improved  electro- 
catalytic  properties  of  N-doped  carbon  with  mesoporous  structures 
with  good  electronic  conductivity  could  result  in  a  good  support  for 
LTFCs,  which  can  boost  the  catalytic  performance  and  stability  via 
well-dispersed  Pt  nanoparticles,  stronger  linkage  between  Pt  and 
support,  and  meso-porosity. 

In  this  work,  a  facile  and  environmental  friendly  method  has 
been  developed  to  produce  mesoporous  N-doped  carbon  via 
carbonizing  soybeans  (as  shown  in  Fig.  1).  Soybean  is  a  cheap 
material  as  it  is  a  naturally  abundant  and  sustainable  source  with 
high  molecular  weight  and  nitrogen  content.  The  nitrogen  content 
in  soybeans  is  ca.  6%,  which  make  it  a  promising  material  for  pre¬ 
paring  N-doped  carbon.  Because  of  above  reasons,  we  decided  to 
prepare  nitrogen-doped  carbon  materials  using  soybean.  A  meso¬ 
porous  N-doped  carbon  support  was  successfully  prepared  by  this 
method.  Subsequently,  Pt  nanoparticles  were  deposited  onto  the 
synthesized  nitrogen-doped  carbon  support  and  its  morphology 
and  electrocatalytic  properties  were  also  investigated. 

2.  Experimental 

2.1.  Carbonization  of  soybeans 

Carbonization  of  soybeans  was  carried  out  as  follows:  soybeans 
purchased  on  local  market  (see  Fig.  la)  were  dehydrated  in  an  oven 
and  ball-milled  for  6  h.  10  g  of  ball-milled  soybean  powder  (see 
Fig.  lb)  was  placed  in  a  quartz  tube  furnace  and  then  heated  to 
800  °C  with  a  heating  rate  of  5  °C  min-1  under  N2  atmosphere  and 
then  kept  at  800  °C  for  2  h.  After  the  furnace  cooled  to  room 
temperature,  a  black  powder  (see  Fig.  lc)  was  obtained.  The  ob¬ 
tained  powder  was  ball-milled  for  4  h,  and  then  immersed  into 


acetone  and  kept  at  60  °C  for  2  h.  After  that,  the  suspension  was 
filtered,  washed  with  deionized  water  and  then  dried  at  60  °C.  After 
the  treatment  of  acetone,  the  black  powder  was  added  to  2  mol  L  1 
FINO3  solution  with  3%  H2O2,  and  stirred  at  room  temperature  for 

24  h.  The  black  powder  was  recovered  by  filtering  and  washing,  and 
then  dried  at  60  °C  for  12  h.  The  obtained  powder  was  placed  in 
tube  furnace  again  and  heated  to  800  °C  for  another  2  h.  When  the 
tube  furnace  cooled  to  room  temperature,  the  black  powder  was 
treated  with  2  mol  L-1  FINO3  solution  with  3%  FI2O2  again.  Subse¬ 
quently,  the  black  powder  was  rinsed  and  dried  at  60  °C  for  12  h. 
The  resulting  black  powder  was  labeled  as  carbonized  soybean  (CS). 

2.2.  Preparation  of  Pt/CS 

Pt/CS  was  synthesized  by  a  modified  organic  colloid  method  in 
an  ethylene  glycol  (EG)  solution  as  described  below:  3.3  mL  of 
20  mg  mL-1  H2PtCl6  was  used  as  received  and  dissolved  in  30  mL 
EG  +  15  mL  deionized  water.  Subsequently,  33.3  mg  potassium  acid 
phthalate  and  100  mg  CS  were  added  into  the  above  solution  with 
vigorous  stirring.  The  pH  of  the  mixture  solution  was  adjusted  to 
~  9  by  adding  5  wt.%  of  KOH/EG  solution,  and  then  sonicated  for 
40  min.  After  that,  NaBH4  solution  (80  mg  NaBH4  dissolved  in  EG 
solution)  was  dropwise  added  to  above  solution  and  stirred  for 

25  h.  The  resulting  powder  was  collected  by  filtration,  rinsed  with 
ultrapure  water  10  times  and  dried  overnight  in  a  vacuum  oven  at 
100  °C.  For  comparison  purposes,  Pt  nanoparticles  deposited  on 
Vulcan  carbon  XC-72  (Pt/XC-72)  were  synthesized  by  the  same 
procedure  of  synthesizing  Pt/CS. 

2.3.  Physical  characterizations 

Elemental  Analysis  was  measured  by  organic  elemental 
analyzer  (Thermo  Flash2000).  The  specific  surface  area  was  deter¬ 
mined  by  Brunauer-Emmett-Teller  (BET)  method  and  the  pore 
size  distribution  was  calculated  by  the  density  functional  theory 
(DFT)  method  using  the  model  (slit  pore,  NLDFT equilibrium  model) 
on  Quantachrome  Autosorb-1  volumetric  analyzer.  X-ray  diffrac¬ 
tion  (XRD)  patterns  of  the  catalysts  were  characterized  on  a  Shi- 
madzu  XD-3A  (Japan)  goniometer,  using  Cu  Ka  radiation  operated 
at  40  kV  and  35  mA  at  room  temperature.  X-Ray  Photoelectron 
Spectroscopy  (XPS)  spectra  were  generated  by  using  a  PHI-5702 
multifunctional  X-ray  photoelectron  spectrometer  (American) 
respectively.  Scanning  electron  microscopy  (SEM)  images  were 
conducted  on  Carl  Zeiss  Ultra  Plus.  Transmission  electron  micro¬ 
scopy  (TEM)  measurements  were  carried  out  using  a  JEM-2010 
Electron  Microscope  (Japan)  with  an  acceleration  voltage  of 
200  kV.  The  chemical  composition  of  the  samples  was  determined 
using  the  energy  dispersive  X-ray  analysis  (EDS)  technique  coupled 
to  TEM.  Raman  spectroscopy  was  carried  out  on  a  FT-Raman 


Fig.  1.  Macroscopic  changes  from  soybeans  (a),  soybean  powder  (b)  to  CS  (c). 
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spectroscopy  (RFS  100,  BRUKER)  employing  Nd:YAG  laser  wave¬ 
length  of  1064  nm. 

2.4.  The  electrochemical  characterizations 

The  electrochemical  measurements  of  catalysts  were  performed 
on  an  Autolab  electrochemical  work  station  (PGSTAT128N,  Eco 
Chemie,  Netherlands).  A  conventional  three-electrode  electro¬ 
chemical  cell  was  used  for  the  measurements,  including  a  platinum 
wire  as  the  counter  electrode,  an  Ag/AgCl  (saturated  KC1  solution) 
electrode  as  the  reference  electrode,  and  a  glass  carbon  electrode 
(5  mm  in  diameter)  as  the  working  electrode.  The  thin  film  elec¬ 
trode  was  prepared  as  follows:  5  mg  of  catalyst  was  dispersed  ul- 
trasonically  in  1  mL  of  Nafion/ethanol  (0.25%  Nation).  About  8  pL  of 
the  dispersion  was  transferred  onto  the  glassy  carbon  disc  using  a 
pipette,  and  then  dried  in  the  air  to  form  catalyst  layer  on  it.  Before 
each  measurement,  the  solution  was  purged  with  high-purity  N2 
(for  oxygen-free  solutions)  for  at  least  30  min. 

3.  Results  and  discussion 

First  of  all,  the  practical  composition  of  CS  was  evaluated  by 
elemental  analysis.  The  analytical  results  indicate  that  CS  consists 
of  N  (7.1  wt.%),  C  (51.2  wt.%),  H  (7.2  wt.%),  S  (0.10  wt.%)  and  the 
reminder  inorganic  salt  residue.  Fig.  2  shows  adsorption-desorp¬ 
tion  isotherms  of  N2  at  77  I<  for  CS.  The  isotherms  of  the  sample 
belong  to  Langmuir  I  at  low  relative  pressures  (P/Po)  and  type  IV  at 
intermediate  and  high  relative  pressures.  The  initial  part  of  the  N2 
isotherm  for  CS  represents  micropore  fillings,  and  the  slope  of  the 
plateau  at  high  relative  pressure  is  assigned  to  multilayer  adsorp¬ 
tion  in  the  mesopores,  or  macropores  and  on  the  external  surface 
[20].  As  shown  in  Fig.  2,  hysteresis  behavior  is  observed  in  the  N2 
adsorption-desorption  isotherms  due  to  the  presence  of  ink-bottle 
type  of  pores  in  CS  21].  According  to  the  Kelvin  equation  [22], 
hysteresis  behavior  represents  that  the  sample  has  a  large  pore  size 
since  hysteresis  occurs  at  high  relative  pressure.  Based  on  the  N2 
sorption  data,  the  BET  surface  area  and  total  pore  volume  for  the 
prepared  CS  are  determined  to  be  516.6  m2  g-1  and  0.45  cm3  g_1, 
respectively.  The  BET  surface  area  of  XC-72  is  245  m2  g-1  deter¬ 
mined  in  our  previous  work  [23].  These  results  indicate  CS  has 
larger  BET  surface  area  than  Vulcan  carbon,  which  would  be 
conducive  to  the  process  of  mass  transfer.  The  pore  size  distribu¬ 
tions  of  CS  was  shown  as  the  inset  of  Fig.  2.  It  can  be  observed  CS 
exhibits  the  pore  size  distributions  in  the  range  between  ca.  1.5  and 
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Fig.  3.  Raman  spectra  of  XC-72  and  CS. 

36  nm.  There  are  no  peaks  in  the  micropore  range.  While,  a  sig¬ 
nificant  peak  centering  at  ca.  3.8  nm  is  presented  in  the  mesopore 
range,  in  which  other  relatively  weak  peaks  can  also  be  observed. 
These  findings  suggest  that  CS  has  mesopores  structure. 

Raman  spectroscopy  was  carried  out  to  investigate  the  chemical 
structure  and  the  degree  of  structure  defect  of  CS  and  XC-72  (as 
shown  in  Fig.  3).  Raman  spectra  of  CS  and  XC-72  show  two  peaks  at 
about  1300  and  1580  cm-1,  which  is  the  Raman  active  D-band  and 
Raman  active  G-band,  respectively  [24].  The  D-band  becomes 
active  because  of  a  reduction  of  symmetry  near  or  at  the  crystalline 
edges,  which  is  ascribed  to  the  finite-sized  crystals  of  graphite.  G- 
band  is  attributed  to  all  sp2  bonds  of  graphitic  network  [25].  The 
ratio  of  the  relative  intensities  of  D-band  and  G-band  (Jd//g)  can  be 
used  to  measure  the  defects  on  the  sample.  A  higher  7d//g  indicates 
more  defects  existed  on  the  support  [26].  By  measuring  the  Raman 
spectra,  the  /d//g  of  CS  and  carbon  is  1.13  and  1.26,  respectively.  The 
/d//g  of  CS  is  lower  than  that  of  carbon,  which  indicated  that  the 
defects  on  CS  is  lower  than  XC-72.  It  was  expected  that  introducing 
N  atoms  into  carbon  will  result  in  an  increase  in  D-band.  Flowever, 
in  some  case,  the  intensity  of  D-band  doesn’t  increase  with  the 
nitrogen  content  27].  Currently,  there  is  still  no  clear  explanation 
for  this  phenomenon.  Ghosh  et  al.  [27]  explained  that  perhaps  N- 
dopants  are  more  utilized  in  creating  internal  compartment  rather 
than  forming  surface  distortion.  Compared  with  Raman  spectrum 
of  carbon,  there  is  a  clear  downshift  of  D-band  for  CS.  For  CS  sample, 
downshift  of  D-band  and  relative  low  Jd//g  are  obvious  evidences 
that  electronic  structure  of  carbon  layers  is  changed. 
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Fig.  5.  XRD  patterns  of  Pt/CS  and  Pt/XC-72. 


The  XRD  pattern  of  carbonized  soybean  is  shown  in  Fig.  4.  In  the 
XRD  pattern  of  CS,  there  are  three  diffraction  peaks  at  26°,  42°  and 
79°,  which  are  attributed  to  the  hexagonal  graphite  structures,  i.e. 
(002),  (101)  and  (110)  planes,  respectively  [28  .  However,  all  three 
diffraction  peaks  are  broad  and  weak,  which  indicate  graphite  with 
amorphous  structure  was  formed  after  the  soybeans  was  carbon¬ 
ized  and  acid-treated. 

Fig.  5  shows  the  XRD  patterns  of  Pt/CS  and  Pt/XC-72.  Both  of 
samples  have  peaks  at  39.5°,  46°,  67°  and  81.5°,  which  are  the 
characteristic  peaks  of  face  centered  cubic  (fee)  crystalline  Pt  (111), 
(200),  (220)  and  (311)  plane  [29],  respectively.  Accordingly,  the 
average  Pt  particle  sizes  for  Pt/CS  and  Pt/XC-72  can  be  calculated  by 
the  Scherrer  formula  30],  which  are  3.4  and  3.1  nm,  respectively. 

Fig.  6a  displays  SEM  image  of  as-prepared  CS.  It  can  be  observed 
that  CS  shows  irregular  shape  with  the  size  from  tens  of  nanome¬ 
ters  to  several  microns.  Fig.  6b  and  c  shows  TEM  images  of  Pt 
nanoparticles  deposited  on  CS  support  at  different  magnification 


Fig.  6.  (a)  SEM  image  of  CS;  (b  and  c)  TEM  images  with  different  magnifications  and 
inset  in  figure  c:  EDS  pattern  of  Pt/CS;  (d)  TEM  image  of  Pt/XC-72. 


and  its  corresponding  EDS.  The  Pt  nanoparticles  formed  on  CS 
support  are  different  from  the  Pt  nanoparticles  usually  formed  on 
the  conventional  carbon  support.  Pt  nano  sized  dendrites  were 
formed  on  the  surface  of  CS,  which  are  similar  to  the  Pt  nano¬ 
dendrites  reported  by  Xia’s  group  [31].  It  was  reported  that  Pt 
nanoparticle  with  dendrite  structure  were  two  and  a  half  times 
more  active  on  the  basis  of  equivalent  Pt  mass  than  Pt/C.  These  Pt 
dendritic  particles  on  CS  have  an  average  particles  size  of  20  nm,  in 
which  there  are  many  small  Pt  nanoparticles.  The  EDS  results  show 
that  there  are  Pt,  N,  O  and  C  existed  in  this  catalyst.  When  Vulcan 
carbon  was  used  as  the  support,  the  morphology  of  Pt  deposited  is 
irregular  round  particles  which  are  uniformly  dispersed.  Compar¬ 
ison  of  TEM  images  between  Pt/CS  and  Pt/XC-72  shows  that  the 
different  supports  result  in  the  different  disperse  of  metal  particles. 

XPS  is  an  efficient  way  to  study  the  surface  oxidation  states.  As 
shown  in  Fig.  7,  the  Pt  4/ binding  energy  region  of  Pt/CS  and  Pt/XC- 
72.  The  Pt  4/ XPS  spectra  consists  of  two  peaks  corresponding  to  Pt 
4/7/2  and  Pt  4/5/2  states  from  spin-orbital  splitting.  The  Pt  4/ spectra 
were  deconvolved  into  three  doublets  which  correspond  to 
different  oxidation  states  of  Pt,  i.e.  Pt(0),  Pt(II)  and  Pt(IV)  [32]. 
Compared  with  the  XPS  of  Pt/XC-72,  there  is  a  clear  shift  to  higher 
energy  region  of  the  Pt  4/ peak  in  the  XPS  spectrum  of  Pt/CS  due  to 
the  interaction  between  Pt  and  support  resulting  in  electron-rich  Pt 
[33].  Comparison  of  binding  energies  of  Pt  4/7/2  and  Pt  4/5/2  be¬ 
tween  Pt/CS  and  Pt/XC-72  is  presented  in  Table  1.  Since  the  in¬ 
tensities  of  these  XPS  peaks  are  related  to  the  amount  of  Pt  species, 
the  amounts  of  different  oxidation  states  of  Pt  can  be  calculated 
from  the  relative  intensities  of  these  peaks.  As  shown  in  Table  1,  it 
can  be  seen  that  there  is  a  high  content  metallic  Pt  in  Pt  nano¬ 
particles  formed  using  CS  as  the  support. 

It  has  been  reported  that  there  are  four  types  of  nitrogen  species 
in  the  carbon-based  materials,  such  as  coal  and  char  [34].  The  four 
types  of  nitrogen  in  the  carbon-based  materials  are  in  the  form  of 
pyridinic-N  (398.6  ±  0.3  eV),  pyrrolic-N  (400.5  ±  0.3  eV),  quater¬ 
nary  nitrogen  (401.3  ±  0.3  eV)  and  pyridinic  N+— O-  (402-405  eV). 
As  shown  in  Fig.  8,  there  are  three  peaks  in  the  Nls  spectra  for  Pt/ 
CS,  corresponding  to  pyridinic-N  (Ni),  pyrrolic-N  (N2)  and  quater¬ 
nary  nitrogen  (N3).  Pyridinic-N  can  provide  one  p-electron  to  the 
aromatic  7r-systems  which  has  a  pair  of  electron  in  the  plane  of  the 
carbon  matrix,  so  pyridinic-N  can  increase  electron-donor  property 
of  the  catalyst.  Usually,  presence  of  pyridinic-N  in  the  support  led  to 
a  higher  enhancement  of  electrochemical  performance  [35]. 

Fig.  9  shows  the  cyclic  voltammograms  (CV)  of  Pt/XC-72  and  Pt/ 
CS  electrocatalysts  in  0.5  mol  L-1  H2SO4  electrolyte  between  -0.2 
and  +1.0  V  (vs.  Ag/AgCl)  at  a  scan  rate  of  50  mV  s-1.  The  charac¬ 
teristic  peaks  of  polycrystalline  Pt,  i.e.  hydrogen  adsorption/ 
desorption  peaks  in  low  potential  region,  oxide  formation/stripping 
wave/peak  in  high  potential  region  and  a  flat  double  layer  in  be¬ 
tween,  are  observed  for  both  produced  catalysts.  The  two  peaks 
(between  -0.1  and  0.0  V)  of  hydrogen  desorption  are  clearly  shown 
in  the  CV  of  both  Pt/CS  and  Pt/XC-72.  These  two  peaks  at  -0.1  and 
0.0  V  (vs.  Ag/AgCl)  are  mainly  attributed  to  the  electrocatalytic  re¬ 
actions  occurring  on  the  Pt  (111)  and  Pt  (100)  planes,  respectively 
[36  .  In  addition,  the  double  current  layer  is  visibly  broader  for  Pt/ 
CS  than  Pt/C,  implying  that  Pt/CS  has  a  significantly  larger  elec- 
trochemically  accessible  area  than  Pt/C  37]. 

CO  stripping  voltammetry  can  be  used  to  test  the  activity  of  a 
catalyst  for  electrochemically  oxidizing  the  chemisorbed  CO  on  the 
surface  of  catalysts.  CO  stripping  voltammograms  of  Pt/CS  and  Pt/ 
XC-72  in  0.5  mol  L-1  H2SO4  solution  at  50  mV  s-1  at  room  tem¬ 
perature  were  presented  in  Fig.  10.  A  peak  current  attributed  to  CO 
oxidation  is  observed  on  both  catalysts  in  the  first  scan  and  dis¬ 
appeared  in  the  subsequent  scan,  which  indicate  that  the  adsorbed 
CO  is  completely  oxidized  in  the  first  potential  forward  scan.  The 
onset  potential  for  the  CO  oxidation  reaction  on  Pt/CS  shifts  to  more 
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Fig.  7.  Pt  4f  XPS  spectra  of  (A)  Pt/CS  and  (B)  Pt/XC-72. 


negative  side  than  Pt/XC-72,  which  means  that  Pt/CS  is  more  active 
for  CO  oxidation  reaction  than  Pt/XC-72.  In  addition,  the  peak  of  CO 
oxidation  on  Pt/CS  is  broader  than  that  of  Pt/XC-72,  indicating  that 
CO  oxidation  reaction  on  Pt/CS  occurs  in  a  larger  voltage  range. 

The  CVs  of  Pt/CS  and  Pt/XC-72  catalysts  for  methanol  oxidation 
presented  in  Fig.  11  were  obtained  in  ^-saturated  0.5  mol  IT1 
CH3OH  +  0.5  mol  L-1  H2SO4  solution  at  50  mV  s-1  at  room  tem¬ 
perature.  As  shown  in  Fig.  11,  the  onset  potential  of  methanol 
oxidation  of  Pt/CS  is  0.25  V  (vs.  Ag/AgCl),  which  is  much  lower  than 
that  of  Pt/XC-72  catalyst,  i.e.  0.35  V  (vs.  Ag/AgCl).  There  is  100  mV 
difference  between  the  onset  potentials  of  methanol  oxidation  on 
Pt/CS  and  Pt/XC-72,  which  indicates  that  methanol  oxidation  re¬ 
action  is  more  likely  to  easy  occur  on  Pt/CS.  It  is  also  found  that  the 
peak  oxidation  current  of  Pt/CS  was  1.5  times  higher  than  that  of  Pt/ 
XC-72.  As  the  previous  XPS  discussion,  compared  to  Pt/XC-72,  Pt/CS 
has  the  larger  amount  of  metallic  Pt,  which  would  be  contributed  to 
more  active  sites  towards  the  methanol  oxidation,  thus  resulting  in 
the  enhanced  catalytic  activity.  The  ratio  of  positive  scan  peak 
current  density  (/f)  to  negative  scan  peak  current  density  (/b)  can  be 
used  to  describe  the  catalyst  tolerance  to  carbonaceous  species. 
Higher  ratio  means  higher  tolerance  to  carbonaceous  species  on  the 
surface  of  catalyst  [10].  The  /f//b  of  Pt/CS  is  0.95,  which  is  higher  than 
that  of  Pt/XC-72  (0.84).  This  result  implies  that  Pt/CS  catalyst  has  a 
better  tolerance  to  CO  than  Pt/XC-72. 

Fig.  12  shows  the  chronoamperometric  curves  of  methanol 
oxidation  in  0.5  mol  L-1  CH3OH  +  0.5  mol  L_1  H2SO4  solution  at 
0.6  V  at  room  temperature  on  Pt/CS  and  Pt/XC-72  electrodes.  When 
the  potential  is  set  at  constant  value,  continuous  methanol  oxida¬ 
tion  occurs  on  the  surface  of  the  catalyst.  In  this  case,  chemisorbed 
intermediates  form  and  accumulate  on  the  surface  of  catalyst  and 
results  in  decay  of  catalytic  activity.  Chronoamperometric  analysis 
usually  indicates  the  rate  of  decay  of  the  current  density  with  time, 
which  is  directly  linked  with  durability.  The  initial  current  density 


Table  1 

Binding  energies  and  relative  intensities  of  the  different  Pt  species  for  Pt/CS  and  Pt/ 
XC-72  catalysts. 


Catalysts 

Species 

Binding  energy  of  Pt  4 /7/2/eV 

Relative  intensity  % 

Pt/XC-72 

Pt° 

71.2 

59.9 

Pt11 

72.3 

24.0 

Ptlv 

73.7 

16.1 

Pt/CS 

Pt° 

71.3 

63.9 

Pt11 

72.5 

22.3 

PtIV 

73.8 

13.8 

_ 1 _ 1 _ 1 _ 1 _ 1 _ 1 _ . _ 1 _ . _ 

406  404  402  400  398  396 


Binding  energy(eV) 
Fig.  8.  Nls  XPS  spectrum  of  CS. 


of  Pt/CS  is  much  higher  than  that  of  Pt/XC-72,  whose  active  sites 
available  on  the  surface  of  Pt/CS  is  more  than  that  of  Pt/XC-72.  At 
1000  s,  the  current  densities  of  Pt/CS  and  Pt/XC-72  are 
0.0335  mA  cm-2  and  0.0244  mA  cm-2,  respectively.  The  results 
show  that  Pt/CS  has  a  better  durability  than  Pt/XC-72  in  0.5  mol  L-1 
CH3OH  +  0.5  mol  L-1  H2SO4  solution. 


Fig.  9.  CVs  of  Pt/XC-72  and  Pt/CS  electrocatalysts  in  0.5  mol  L  1  H2S04  at  50  mV  s  1  at 
room  temperature. 
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Fig.  10.  CO  stripping  curves  of  Pt/CS  and  Pt/XC-72  in  0.5  mol  L  1  H2SO4  at  50  mV  s  1  at 
room  temperature. 


Fig.  11.  CV  plots  of  Pt/CS  and  Pt/XC-72  electrodes  in  N2-saturated  0.5  mol  L  1 
H2SO4  +  0.5  mol  L-1  CH3OH  with  a  scan  rate  of  50  mV  s-1  at  room  temperature. 

Tafel  plots  of  ethanol  methanol  on  Pt/CS  and  Pt/XC-72  derived 
from  the  linear  sweep  voltammograms  in  ^-saturated  0.5  mol  L-1 
H2S04  +  0.5  mol  L-1  CH3OH  aqueous  solution  are  shown  in  Fig.  13. 
Tafel  plots  can  be  fitted  and  divided  into  two  linear  regions  for  both 


Fig.  12.  Chronoamperometric  curves  of  Pt/CS  and  Pt/XC-72  in  N2-saturated  0.5  mol  L  1 
CH3OH  +  0.5  mol  L1  H2S04. 


Fig.  13.  Tafel  plots  of  Pt/XC-72  and  Pt/CS  catalysts  derived  line  scan  voltammograms 
(the  inset)  in  N2-saturated  0.5  mol  L-1  CH3OH  +  0.5  mol  L-1  H2S04  solution;  scan  rate: 
5  mV  s_1. 

two  catalysts.  The  Tafel  slopes  involve  two  steps,  i.e.  alcohol 
adsorption  and  dehydrogenation  in  the  low  potential  range  and 
oxidative  removal  of  CO-like  species  in  the  high  potential  range 
[38  .  The  difference  of  the  values  of  Tafel  slopes  at  low  and  high 
potential  ranges  indicates  a  possible  change  of  reaction  mechanism, 
or  at  least  a  change  of  rate-determining  steps.  The  value  of  Tafel 
slopes  of  Pt/CS  and  Pt/XC-72  is  96.5  and  103.3  mV  dec^1,  respec¬ 
tively  in  the  low  potential  range,  which  indicates  the  step  of 
methanol  dehydrogenation  reaction  on  Pt/CS  is  faster  than  Pt/XC- 
72  [39].  A  sharp  change  of  Tafel  slope  indicates  that  removal  of 
poisonous  species  becomes  the  rate-determining  processes  in 
methanol  oxidation  reaction  at  high  potential.  The  value  of  Tafel 
slopes  of  Pt/CS  and  Pt/XC-72  is  382.3  and  417.0  mV  dec-1  at  high 
potential,  respectively,  showing  that  the  step  of  removing 
poisonous  species  on  Pt/CS  is  faster  than  that  on  Pt/XC-72.  The  Tafel 
plots  further  prove  that  Pt/CS  has  a  better  electrochemical  activity 
in  methanol  reduction  reaction  than  Pt/XC-72. 

The  above  electrochemical  results  indicate  that  Pt/CS  exhibits 
efficient  electrochemical  activity  for  methanol  reduction,  which 
could  be  attributed  to  the  two  aspects:  one  is  the  presence  of  N, 
which  leads  to  the  change  of  chemical  state  of  Pt  related  to  that  of 
Pt/C  and  unique  morphology  of  Pt  nanoparticles.  Pt  dendritic  par¬ 
ticles  on  CS  possess  inter-grain  boundary  regions  among  the  small 
nanoparticles  which  could  act  as  active  sites  [40].  The  other  is  the 
large  BET  surface  area  and  mesoporous  structure  of  CS  which 
facilitate  the  catalyst  system  in  contact  with  the  electrolyte 
interface. 

4.  Conclusions 

Soybean  was  successfully  used  to  prepare  a  low  cost  and 
nitrogen-containing  carbonaceous  support  with  high  surface  area 
and  mesoporous  structure.  Subsequent,  Pt  nanoparticles  were 
deposited  on  the  as-prepared  support.  TEM  image  showed  that  Pt 
nano  sized  dendrites  were  formed  on  the  surface  of  CS.  Pt/CS 
showed  superior  catalytic  activity  to  Pt/XC-72  for  methanol 
oxidation.  Compared  with  conventional  carbon  support,  Pt  nano¬ 
particles  supported  on  this  mesoporous  carbon  also  showed  a 
higher  electrocatalytic  activity  toward  methanol  oxidation  than 
that  of  Pt/XC-72.  The  Pt  nanodendrites  on  CS  were  highly  active  for 
methanol  and  CO  oxidation,  which  makes  it  very  promising  as  a 
new  support  material  for  high  performance  electrocatalysts  used  in 
LTFCs. 
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